Primitive, high-K minettes and basanites erupted during the Pleistocene from cinder cones on the flanks of the Colima Volcanic Complex in the western Trans-Mexican Volcanic Belt. Melt inclusions in olivine (Fo 89^92 ) from tephra at these cones reveal that both magma types are oxidized and volatile rich, with high H 2 O ( 6Á2 wt%), CO 2 ( 5300 ppm), S ( 6700 ppm), Cl ( 2300 ppm), and F ( 8100 ppm) contents. A nearby calc-alkaline basaltic andesite cinder cone with more evolved composition (Fo 78^80 olivine) has melt inclusions with similarly high H 2 O ( 5Á5 wt%) but much lower CO 2 , S, and Cl compared with the potassic magmas. Melt inclusions from each cone have highly variable H 2 O and CO 2 , corresponding to crystallization pressures of5100 bars to $ 7 kbar. This indicates that olivine crystallized from variably degassed melts over a wide range of depths extending from the lower crust (4 25 km depth) to very shallow levels. The H 2 O and CO 2 variations cannot be explained by simple degassing models but instead requiring more complex, open-system processes or possibly reflect disequilibrium degassing.Trace element variations in the melt inclusions suggest that phlogopite and garnet were residual minerals during melting in the mantle source, and the presence of garnet suggests an origin in asthenospheric rather than lithospheric mantle. Decompression melting of phlogopite^garnet peridotite cannot produce the high H 2 O contents of the potassic magmas, and thus the presence of fluids during melting is required. Trace element modeling of a mantle source (intermediate in composition between enriched mid-ocean ridge basalt and ocean island basalt sources) that is fluxed with an H 2 O-rich fluid or hydrous melt from the subducting slab can reproduce most of the trace element characteristics of the potassic melts, demonstrating that they are clearly linked with subduction processes. Formation ofthe potassic magmasprobably involved slab rollback, trenchward migration of the arc into the region above metasomatically enriched forearc mantle, and heating of this veined and fluid-fluxed mantle as a result of upwelling of hot mantle through a tear between the subducted Cocos and Rivera plates.
Primitive, high-K minettes and basanites erupted during the Pleistocene from cinder cones on the flanks of the Colima Volcanic Complex in the western Trans-Mexican Volcanic Belt. Melt inclusions in olivine (Fo 89^92 ) from tephra at these cones reveal that both magma types are oxidized and volatile rich, with high H 2 O ( 6Á2 wt%), CO 2 ( 5300 ppm), S ( 6700 ppm), Cl ( 2300 ppm), and F ( 8100 ppm) contents. A nearby calc-alkaline basaltic andesite cinder cone with more evolved composition (Fo 78^80 olivine) has melt inclusions with similarly high H 2 O ( 5Á5 wt%) but much lower CO 2 , S, and Cl compared with the potassic magmas. Melt inclusions from each cone have highly variable H 2 O and CO 2 , corresponding to crystallization pressures of5100 bars to $ 7 kbar. This indicates that olivine crystallized from variably degassed melts over a wide range of depths extending from the lower crust (4 25 km depth) to very shallow levels. The H 2 O and CO 2 variations cannot be explained by simple degassing models but instead requiring more complex, open-system processes or possibly reflect disequilibrium degassing.Trace element variations in the melt inclusions suggest that phlogopite and garnet were residual minerals during melting in the mantle source, and the presence of garnet suggests an origin in asthenospheric rather than lithospheric mantle. Decompression melting of phlogopite^garnet peridotite cannot produce the high H 2 O contents of the potassic magmas, and thus the presence of fluids during melting is required. Trace element modeling of a mantle source (intermediate in composition between enriched mid-ocean ridge basalt and ocean island basalt sources) that is fluxed with an H 2 O-rich fluid or hydrous melt from the subducting slab can reproduce most of the trace element characteristics of the potassic melts, demonstrating that they are clearly linked with subduction processes. Formation ofthe potassic magmasprobably involved slab rollback, trenchward migration of the arc into the region above metasomatically enriched forearc mantle, and heating of this veined and fluid-fluxed mantle as a result of upwelling of hot mantle through a tear between the subducted Cocos and Rivera plates.
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I N T RO D UC T I O N
The coeval eruption of dominant calc-alkaline magmas and subordinate potassic magmas in subduction zones has been documented in a number of arcs worldwide, including the northern Mariana arc (Bloomer et al., 1989) , the Aeolian Islands (Ellam et al., 1988) , the SW Japan arc (Tatsumi & Koyaguchi, 1989) , the Sunda arc (Nicholls & Whitford, 1983) , Kamchatka (Koloskov et al., 1999) , and the western Trans-Mexican Volcanic Belt (TMVB; Luhr et al., 1989) . The occurrence of potassic magmas in arc environments has been correlated with tectonic extension (e.g. Morrison, 1980; Nicholls & Whitford, 1983; Luhr et al., 1985) and this is the case for the western TMVB, where most of the potassic lavas have erupted within grabens (Allan & Carmichael, 1984; Luhr et al., 1989; Wallace & Carmichael, 1989; Lange & Carmichael, 1991) . However, there is debate as to whether the extensional tectonics causes melting of the underlying mantle or if extensional faults simply create ascent paths for the small volume melts (Luhr et al., 1989; Carmichael et al., 1996; Hochstaedter et al., 1996) . Despite considerable progress, we still have a relatively poor understanding of the mantle source of potassic magmas in subduction zones and how they relate to the volumetrically dominant calcalkaline magmas.
Previous studies on potassic rocks in the TMVB suggest that the magmas formed by melting of phlogopiteĉ linopyroxene-rich veins within metasomatized mantle peridotite resulting in primitive, low-degree partial melts that are highly enriched in incompatible elements (Luhr et al., 1989; Carmichael et al., 1996; Luhr, 1997) . However, there is still uncertainty as to whether these magmas are the result of decompression melting or melting caused by the addition of fluids from the subducted slab (fluid-fluxing), and where in the mantle (lithosphere vs asthenosphere) these veins are located (Luhr et al., 1989; Hochstaedter et al., 1996; Luhr, 1997; Ferrari et al., 2001; Hesse & Grove, 2003) . To determine the pre-eruptive volatile content and oxidation state of the primitive potassic magmas as well as gain insight into their mantle source mineralogy, composition and melting processes, we have analyzed major, trace and volatile elements (H 2 O, CO 2 , S, Cl and F) in melt inclusions hosted in Fo-rich olivine phenocrysts from four potassic and one calc-alkaline cinder cone in the Colima graben of the western TMVB.
T E C TO N I C S E T T I N G
The TMVB is an east^west-trending arc active since the Miocene and related to subduction of the Cocos and Rivera plates along the Middle-American Trench (Fig. 1) . Subduction of the young ($10 Ma) Rivera microplate is associated with volcanism in the western TMVB ( Fig. 1 ) (Nixon, 1982) . The Jalisco block is structurally defined by the Tepic^Zacoalco rift to the north, the Colima graben to the east, and the Middle-American Trench to the south. The Colima Volcanic Complex is located in the Colima graben, 175 km from the Middle-American Trench. The Colima graben has experienced significant faulting (4 1Á5 km vertical offset; Allan, 1986) , and crustal thickness beneath this region is 25^30 km (Urrutia-Fucugauchi, 1986; Urrutia-Fucugauchi & Flores-Ruiz, 1996) .
The three stratovolcanoes that define the Colima Volcanic Complex are Volcan Cantaro (farthest north), Volcan Nevado de Colima (central) and the currently active Volcan Fuego de Colima (farthest south). Volcanism progressed southward within the Colima graben during the Quaternary (Luhr & Carmichael, 1981) . The volcanic front in the western TMVB as a whole migrated trenchward from the late Miocene to the Quaternary (Ferrari et al., 2001; L. Ferrari, personal communication, 2008) , although the geological evidence for this trenchward migration and the subduction relationship of the Miocene volcanism has been disputed (Frey et al., 2007) . Migration of the volcanic front may have been caused by steepening of the dip (slab rollback) of the Rivera Plate (Ferrari et al., 2001) . Recent results from seismic tomography (Grand et al., 2007; Yang et al., in preparation) show a steep dip angle on the Rivera Plate ($708) and a gap between the Rivera and Cocos plates through which hot mantle may be flowing upwards, as suggested previously by Ferrari et al. (2001) .
P O TA S S I C M AG M A S I N T H E W E ST E R N T M V B
Small volume eruptions of potassic magma have occurred in a number of regions along the volcanic front of the western TMVB from $5 to 0Á06 Ma (Allan & Carmichael, 1984; Wallace & Carmichael, 1989 , 1992 Lange & Carmichael, 1991; Righter & Carmichael, 1992; Carmichael et al., 1996 Carmichael et al., , 2006 Righter & Rosas-Elguera, 2001 ). Eleven cinder and lava cones erupted on the floor of the Colima graben during the late Pleistocene, NE and NW of volcanoes Nevado de Colima and Fuego de Colima (Fig. 1) , and nine of these cones include high-K 2 O, low-SiO 2 (nepheline-normative) lavas and scoria (Luhr & Carmichael, 1981; Carmichael et al., 2006) . These cones are compositionally distinct (Fig. 2 ) from both the medium-K andesites that form Volcan Fuego de Colima and the other stratovolcanoes (e.g. Tequila, Ceboruco) to the NW and the medium-K basalt to andesite cones that dominate the Michoacan^Guanajuato Volcanic Field (MGVF; see Fig. 1 ) to the east (Hasenaka & Carmichael, 1985; Luhr, 1992) . Luhr & Carmichael (1981) classified lava and scoria from the nine potassic cinder cones as minettes (phenocrysts of olivine, augite and phlogopite), basanites (phenocrysts of olivine and augite AE plagioclase), and leucite basanites (groundmass leucite AE phlogopite), and they noted that this last type was transitional between the first two. The minettes and basanites are similar in major element composition, but the basanites have slightly higher Al 2 O 3 and CaO and slightly lower Na 2 O and P 2 O 5 compared with the minettes. The remaining two cinder cones are calc-alkaline in composition. One is a basaltic andesite and the other is a primitive, high-alumina basalt (CAB in Fig. 2) ; both contain phenocrysts of olivine and plagioclase.
The nine potassic cinder cones erupted a total of $1Á3 km 3 of magma mostly between 240 and 60 ka (Carmichael et al., 2006) . The two calc-alkaline cinder cones erupted 50Á003 km 3 of magma each and are much older (basaltic andesite, 1Á2 Ma; high-alumina basalt, 0Á5 Ma). These dates indicate that the potassic magmatism coincided with eruption of calc-alkaline andesite at Nevado de Colima and the initial building stage of Volcan Fuego de Colima (Carmichael et al., 2006) .
Potassic lavas erupted elsewhere within the Colima graben from 4Á6 to 0Á6 Ma and are almost exclusively confined to the graben faults (Allan & Carmichael, 1984) . These lamprophyres (silica-undersaturated magmas with either amphibole or phlogopite phenocrysts) are mostly older and more evolved equivalents of the Colima cinder cone minettes, and they are spatially and temporally associated with calc-alkaline volcanic rocks. Other volcanic rocks exposed in the graben walls include high-K andesites. In the neighbouring Jalisco block (Fig. 1) , a diverse array of potassic magmas has erupted coevally with calc-alkaline magmas for the past 5 Ma, including minettes, leucitites, and lower-K 2 O absarokites and hornblende trachybasalts (Luhr et al., 1989; Wallace & Carmichael, 1989 , 1992 Lange & Carmichael, 1991; Carmichael et al., 1996; Luhr, 1997; Righter & Rosas-Elguera, 2001 ).
S A M P L E S A N D M E T H O D S
Volcanic rocks from the five cinder cones that we studied have been previously described and analyzed by Luhr & Carmichael (1981) and Carmichael et al. (2006) . Two of the cinder cones are minettes (Carpintero Norte and La Erita; we classify the latter as a minette because of the presence of phlogopite microphenocrysts), two are basanites [Apaxtepec and Cerro Colorado; the latter was referred to as Cerro Cuauhatemoc by Luhr & Carmichael (1981) and Carmichael et al. (2006) ], and one is a calc-alkaline basaltic andesite (Cerro Usmajac). All the cinder cones that we sampled have been quarried, which allowed access to the interiors of the cones and exposed relatively extensive stratigraphic sections of the eruptive products. Care was taken to sample the least altered or oxidized tephra from fine-grained layers. Sampling of the finest material (ash to small lapilli) is advantageous because olivine crystals have been naturally separated from the glass and therefore no crushing is necessary.
Major and trace elements in bulk tephra samples (Table 1 ) from three of the cinder cones were analyzed by X-ray fluorescence (XRF) and inductively coupled plasma-mass spectrometry (ICP-MS) in the GeoAnalytical Laboratory at Washington State University. Detailed discussion of analytical techniques and sample preparation has been given by Knaack et al. (1994) and Johnson et al. (1999) .
Olivine crystals were handpicked from tephra samples using a binocular microscope and were placed in immersion liquid (refractive index 1Á678) to select crystals with melt inclusions for analysis. The crystals with the largest and best preserved inclusions were separated, and morphological and textural characteristics were noted before sectioning. To prepare samples for quantitative infrared (IR) spectroscopic analysis, doubly polished wafers were prepared from melt inclusion-bearing crystals so that both faces of the wafer intersected the inclusion.
H 2 O and CO 2 contents of the melt inclusions were determined using Fourier transform IR spectroscopy (FTIR) at the University of Oregon (Table 2) . We used the quantitative procedures and band assignments described by . The IR aperture size varied from 10 to 100 mm in width depending on the size of the inclusion. The thickness of the wafers varied from 10 to 80 mm and was determined by mounting the wafers on a needle and immersing them in refractive index oil so they could be viewed under a microscope at 100 Â magnification. The wafers were tilted so that they could be viewed edgewise, and this allowed for a cross-section view of the inclusion and measurement of its thickness using the objective reticle. Using this method, we measured the thickness of the inclusion precisely where the FTIR measurement was performed and the error in our thickness measurements varied from AE1 mm to AE5 mm depending on the geometry of the inclusion and wafer. Fig. 2 . K 2 O vs SiO 2 comparing melt inclusions analyzed in this study with whole-rock data. Melt inclusion data have been adjusted for the effects of post-entrapment crystallization and Fe diffusive loss as described in the text, and the plotted values are normalized to sum to 100% on a volatile-free basis. Gray field labelled 'High-K Whole Rock' shows data for whole-rock samples of minette and basanite from the Colima graben including the cones analyzed in this study (Luhr & Carmichael, 1981) . Data are also shown for the mostly medium-K calc-alkaline lavas from the MGVF to the east of the Colima graben (Hasenaka & Carmichael, 1987) . Primitive CAB is calc-alkaline basalt scoria from a cinder cone in the Colima graben (SAY-22E, Luhr & Carmichael, 1981; Luhr, 1997) and is a likely parental composition for the andesites of Volcan Colima shown by the shaded gray field. Quantitative measurements of dissolved total H 2 O and carbonate (CO 3 2^) were determined using the BeerL ambert law. Total dissolved H 2 O was measured using the intensity of the broad, asymmetric band centered at 3570 cm^1, which corresponds to the fundamental OH-stretching vibration. Total H 2 O concentrations were calculated from measured peak heights using an absorption coefficient of 63 AE 3 L/mol cm (P. Dobson et al., unpublished data, cited by . Most absorbance values at the 3570 cm^1 band were 51, but for inclusions with values 41, peak shapes indicated that the IR detector was not saturated.
Dissolved carbonate was measured from the absorbance value of the bands at 1515 and 1430 cm^1, which correspond to antisymmetric stretching of distorted carbonate groups . Because the shape of the background in the region of the carbonate doublet is complex, it is necessary to subtract a carbonate-free reference spectrum to obtain a flat background. A peak-fitting program that fits the sample spectrum with a straight line, a devolatilized spectrum, a pure 1630 cm^1 band for molecular H 2 O, and a pure carbonate doublet was used (unpublished program by S. Newman). Based on fitting of replicate spectra for all inclusions, one standard deviation uncertainties in the carbonate peak heights are typically AE 10%. The molar absorption coefficient of carbonate in basaltic glass is compositionally dependent. We calculated an absorption coefficient for each inclusion using the equation of Dixon & Pan (1995) . Room temperature glass densities for the inclusions were calculated using the method described by Luhr (2001) .
Major and volatile (S, Cl, F) element compositions of the melt inclusions, sulfur Ka wavelength shifts and major element compositions of the groundmass glasses, olivine host crystals, and Cr-spinel inclusions in olivine were determined using a Cameca SX-100 electron microprobe at the University of Oregon (Tables 2 and 3 ). Details of the analytical conditions and standards that were used are given in the legend to Tables 2 and 3 . Details of the method used for measuring the sulfur Ka wavelengths have been given by Wallace & Carmichael (1994) . Three melt inclusions from each cone were analyzed. Prolonged exposure to the beam causes an apparent increase in sulfur oxidation state for glasses with a significant proportion of S as S 2^ ( Wallace & Carmichael, 1994) , and this effect is greatest in glasses with low S contents (Rowe et al., 2007) . For highly oxidized glasses, exposure to the electron beam (or to intense X-rays during X-ray absorption near edge structure (XANES) spectroscopy) can cause partial reduction that converts S 6þ to S 4þ (Wilke et al., 2008) . To minimize these effects, we moved the sample relative to the beam every 20 s during the scan. Peak positions were converted to sulfur speciation (Table 2 ) using the linear relationship S 6þ / S total ¼ (ÁSKa unknown /ÁSKa anhydrite ) Â 100 defined by Carroll & Rutherford (1988) .
Trace element compositions of at least three melt inclusions from each cinder cone were measured by laser ablation inductively-coupled plasma mass spectrometry 
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(LA-ICP-MS) in the W. M. Keck Collaboratory for Plasma Mass Spectrometry at Oregon State University using a DUV 193 nm ArF Excimer laser and a VG ExCell quadrupole ICP-MS system. A general outline of the analytical techniques used for this instrument has been given by Kent et al. (2004) , and analytical details for our samples are described in the legend to Table 2 . Melt inclusion compositions were corrected for both post-entrapment crystallization of olivine along the walls of the inclusion and Fe loss by diffusion between the inclusion and the host crystal (Danyushevsky et al., 2000) . The post-entrapment crystallization correction involved adding 0Á1% increments of equilibrium olivine back into each melt inclusion until the inclusion composition was in equilibrium with the olivine host. The exchange coefficient
) olivine ] was calculated for each melt inclusion using the equation of Toplis (2005) , which relates K D to temperature, pressure, melt composition (including H 2 O content) and olivine composition (Table 2) . Correction for Fe loss involved adding Fe 2þ back into each melt inclusion until the FeO T of the inclusion was restored to the MgO vs FeO T trend of wholerock and groundmass glass data from each cone (see Danyushevsky et al., 2000 , for details). All major, trace and volatile element data ( 
R E S U LT S Corrected compositions of melt inclusions and olivine host crystals
Olivine hosts for the melt inclusions have core compositions that are similar in both basanites (Fo 88^91 ) and minettes (Fo 89^92 ). The MgO contents of both basanite and minette melt inclusions vary from 7Á3 to 11Á1wt%. Although there is considerable overlap in the major element compositions of the melt inclusions, the minettes on average have higher SiO 2 and K 2 O and lower Al 2 O 3 , CaO and FeO than the basanites for a given MgO content (Figs 2 and 3). Within each group, Al 2 O 3 shows a negative correlation with MgO whereas CaO/Al 2 O 3 shows a positive correlation. These variations are consistent with olivine þ augite as the major fractionating phases. In the minette melt inclusions, CaO/Al 2 O 3 changes more rapidly with decreasing MgO than it does in the basanite 
For major elements, S, Cl and F in melt inclusions and groundmass glass, operating conditions were 15 kV, 10 nA and 10 mm beam diameter; for olivine analyses they were 15 kV, 30 nA and a focused beam. Linear regression to time zero was performed on Na, K, Si and Al counts to correct for the effects of alkali migration. Basaltic glass standards VG-2 and VG-A99 were analyzed as secondary standards to ensure accuracy. Hydrogen effects on ZAF corrections were taken into account (Roman et al., 2006) . For trace elements, ablation was conducted under a He atmosphere, and He was also used to sweep ablated particulate into the ICP-MS system at a flow rate of $0Á75 l/min. Inclusions were analyzed using a 50 mm diameter laser spot and a 4 Hz laser pulse rate. Analyses were calibrated using 43 Ca as an internal standard and BCR-2G glass as a calibration standard. BHVO-2G glass was analyzed as a secondary standard. Typical uncertainties at the 1s level were 55% for V, Rb, Sr, Y, Zr, Nb, Ba, La, Ce and Pr; 510% for Sc, Sm, Dy, Pb, Th and U; and 515% for Gd, Yb and Ta. All major, trace, and volatile element data have been corrected for effects of post-entrapment crystallization and Fe loss. Uncorrected data can be found in Electronic Appendix 1 (http://www.petrology.oxfordjournals.org). For S Ka, operating conditions were 15 kV, 30 nA and 5 mm beam diameter. The standards pyrrhotite and anhydrite were measured at the beginning and end of each run using 100 steps at 5 s per step in the wavelength range of 61 100 to 61 700 sin y Â 10 5 . The melt inclusions were analyzed using 100 steps at 20 s each in the same wavelength range.
Ã Calculated according to Toplis (2005) . Calculated from measured S Ka wavelength according to Carroll & Rutherford (1988) . b.d.l., below detection limit ($50-100 ppm CO 2 ); -, not determined or measured.
inclusions, suggesting a greater proportion of augite fractionation in the minette melts. The pattern of increasing K 2 O with decreasing MgO for inclusions from the La Erita minette is consistent with this interpretation, whereas the Apaxtepec basanite inclusions show little to no increase in K 2 O over the same range in MgO. Differences in composition between the melt inclusions and whole-rock samples (Fig. 3) probably reflect the effects of accumulation of olivine plus included chromite. Wholerock samples show strong positive correlation of modal olivine with MgO, Ni, and Cr (Luhr & Carmichael, 1981) .
Compared with the potassic samples, melt inclusions from the calc-alkaline basaltic andesite (Cerro Usmajac) have higher SiO 2 and Al 2 O 3 , and lower MgO, CaO, K 2 O and TiO 2 . These inclusions are trapped in more Fe-rich olivine (Fo 78^80 ) than in the postassic samples. Luhr & Carmichael (1981) noted that whole-rock samples from Cerro Usmajac were enriched in TiO 2 , Na 2 O, K 2 O, and P 2 O 5 compared with the trends for calc-alkaline lavas from Volcan Colima and another nearby basaltic cinder cone (Tezontal). We also find higher concentrations of these elements as well as Nb and Ta in the Cerro Usmajac melt inclusions than are typical of calc-alkaline lavas from either the Colima graben or the MGVF to the east ( Fig. 1; Johnson, 2008) . In particular, the much higher K 2 O content of Cerro Usmajac inclusions (1Á5^2Á 4 wt%) 
Cr-spinel and olivine measurements were performed on a Cameca SX-100 at the University of Oregon. Operating conditions were 15 kV, 50 nA and focused beam. We calculated the Fe 3þ /Fe total ratios of the Cr-spinels from the electron microprobe analyses using the ChrStr program (Paktunc, 2006) . The oxygen fugacity was calculated at 12008C and 7 kbar. The effect of varying pressure is a change of 0Á03 log units f O2 for every 1 kbar of change in pressure.
compared with other calc-alkaline lavas with similar MgO contents (e.g. mostly 0Á5^1Á2 wt% K 2 O in the MGVF) makes Cerro Usmajac transitional to the potassic group, whereas the higher Nb and Ta make it transitional to the intraplate alkaline lavas that have erupted elsewhere in the TMVB (Luhr, 1997) .
The potassic melt inclusions are strongly enriched in highly and moderately incompatible trace elements compared with the basaltic andesite and the primitive calcalkaline basalts from the MGVF (Fig. 4) . However, the potassic melts have the relative depletion in Nb and Ta that is a typical characteristic of subduction-related magmas (Luhr et al., 1989) . Within the potassic group, melt inclusions from the minettes are generally more enriched in incompatible elements than are those in basanites. Enrichments in the different elements are strongly correlated (e.g. Ba, Rb, Zr, Ce show strong positive correlations with Sr). In contrast, heavy REE (HREE) concentrations are similar in potassic and calc-alkaline melt inclusions, and Yb shows no corrrelation with Sr.
Based on whole-rock trace element data, Luhr & Carmichael (1981) found a positive correlation between Fig. 3 . MgO variation diagrams (in wt%) for minette, basanite, and basaltic andesite melt inclusions. Plotted values are normalized to sum to 100% on a volatile-free basis. The range of whole-rock data for lava and scoria (Luhr & Carmichael, 1981) and bulk tephra (this study) samples are shown by gray fields (dark gray, minettes; light gray, basanites). All minette and many basanite whole-rock samples have been affected by olivine accumulation, causing them to have higher MgO than the melt inclusions. Fig. 2 . The values shown are averages for melt inclusions from each of the four potassic cinder cones and the basaltic andesite cone Cerro Usmajac. Error bars show AE1 standard deviation from the average. Also shown are whole-rock data for the primitive CAB from the Colima graben described in Fig. 2 (Luhr & Carmichael, 1981) . The shaded area shows bulk tephra analyses of primitive (high-MgO) samples from eight cinder cones in the MGVF (Johnson, 2008) . Primitive mantle values used for normalization are from McDonough (1990) . P 2 O 5 and most incompatible elements, and their data showed that minettes were more enriched than basanites. Our data show a much greater amount of overlap in the P 2 O 5 contents of basanite and minette melt inclusions, although the basanites do have lower average P 2 O 5 . Luhr & Carmichael (1981) also noted that samples from Apaxtepec had anomalously high concentrations of Ti, Zr, and Hf compared with the other basanites. Our melt inclusion data show similar anomalously high values of Ti, Zr, and also Rb in Apaxtepec melt inclusions compared with inclusions from the other basanite cone (Cerro Colorado). Amongst compatible trace elements, melt inclusion Sc shows strong postive correlationwith CaO/Al 2 O 3 , consistent with the importance of augite fractionation discussed above.
The CaO/Al 2 O 3 ratios of most melt inclusions are similar, within analytical uncertainty, to whole-rock analyses of bulk tephra from their respective cones ( Fig. 3 ; note overlap between whole-rock and melt inclusion CaO/Al 2 O 3 values, but whole-rock data are shifted to higher MgO because of olivine addition). Both CaO and Al 2 O 3 are incompatible in olivine, but Al 2 O 3 diffuses much more slowly in silicate melts than CaO. Thus, the similarity of the melt inclusion and whole-rock CaO/Al 2 O 3 ratios suggests that the melt inclusion compositions are representative of the bulk melt from which the olivine crystallized and were not affected by disequilibrium processes (boundary-layer concentration build-up) during entrapment (Faure & Schiano, 2005) . Similarly, the ratio Cl/ P 2 O 5 is useful because both are incompatible in olivine but P 2 O 5 is a very slowly diffusing component in silicate melts (Baker, 2008) . We find no systematic variation of Cl/ P 2 O 5 with inclusion size, and for all but one of our studied cones, Cl/P 2 O 5 varies less than 10% relative within each suite of melt inclusions, suggesting that the inclusions were not affected by boundary-layer enrichment processes (Baker, 2008) . It should be noted that use of the Cl/P 2 O 5 ratio is predicated on there being no degassing of Cl, which we show to be the case (see below). The only cinder cone where the Cl/P 2 O 5 variability exceeds 10% relative is La Erita (20%). We note that if inclusion LE-02-04 is removed from the dataset, the variability drops to 10%; this inclusion has a significantly more evolved composition compared with the rest of the suite (Table 2) .
Volatile contents
For the basanites, H 2 O contents vary from 0Á4 to 6Á2 wt% for Apaxtepec melt inclusions and from 0Á4 to 3Á4 wt% for Cerro Colorado (Fig. 5) . The CO 2 contents vary from below detection ($50^100 ppm depending on inclusion thickness) to 5300 ppm and show strong linear correlation with H 2 O. Water contents in the minettes vary from 0Á9 to 5Á5 wt% in La Erita melt inclusions and from 0Á5 to 1Á6 wt% in Carpintero Norte. The CO 2 contents of the minette melt inclusions range from below detection to 3000 ppm, and there is much more scatter in the data compared with the basanite melt inclusions. The basaltic andesite melt inclusions have H 2 O contents from 1Á0 to 5Á5 wt% and CO 2 contents from below detection to 800 ppm. Compared with the H 2 O and CO 2 contents of the basaltic andesite (Fig. 5 ) and the primitive calc-alkaline magmas from the MGVF (Johnson, 2008) , the potassic magmas generally have higher CO 2 for a given H 2 O content. The maximum CO 2 contents of the potassic melt inclusions are much higher than for mafic calc-alkaline magmas from arcs worldwide (Wallace, 2005) and are amongst the highest values reported for olivinehosted melt inclusions. Maximum H 2 O contents for the potassic melt inclusions are similar to those of the calcalkaline inclusions, and these values (5^6Á2 wt% H 2 O) lie near the higher end of values for mafic calc-alkaline magmas worldwide (Wallace, 2005) . Our data show that both the basanites and minettes have initially high H 2 O contents, suggesting that the absence of phlogopite in the basanites is caused by some other factor, such as their lower K 2 O. However, we note that the basanite melt inclusions have higher K 2 O than is necessary for H 2 O-saturated melts to crystallize phlogopite in experimental studies (Esperanc°a & Holloway, 1987; Righter and Carmichael, 1996) , and both basanite and minette melt inclusions have similar CO 2 /H 2 O, so it is unclear what factors caused the absence of phlogopite in the basanites.
Sulfur contents are relatively high in both basanite and minette melt inclusions, with most values between 0Á2 and Fig. 2 . Error bars show AE1 standard deviation from the average of multiple FTIR analyses on each melt inclusion (errors smaller than the symbol size are not shown). Shaded field shows the most H 2 O-and CO 2 -rich (least degassed) calc-alkaline melt inclusions in Fo 85^90 olivine from eight cinder cones in the MGVF (Johnson, 2008) . Solubilities were calculated using VolatileCalc (Newman & Lowenstern, 2002) . To correctly calculate the appropriate CO 2 solubility in VolatileCalc, we calculated the p compositional parameter for the average melt inclusion composition, and then found the corresponding SiO 2 value based on the p vs SiO 2 correlation for the North Arch alkalic glasses (Dixon, 1997; see also Vigouroux, 2006 , for more details). Lines show vapor saturation isobars for a melt with 47 wt% SiO 2 (average of all potassic melt inclusions) at 12008C. 0Á67 wt% (Fig. 6) . As with H 2 O and CO 2 , there are significant variations in S contents for inclusions from each cone, and overall there is a positive correlation between S and H 2 O, although with considerable scatter. Chlorine contents are also similar in both basanite and minette melt inclusions, with average values of 0Á18 wt% (basanite) and 0Á19 wt% (minette). Compared with the S data, there is less scatter, and Cl remains relatively constant (or even slightly increases) with decreasing H 2 O (Fig. 6) . Fluorine contents average 0Á45 wt% in the basanites and 0Á64 wt% in the minettes, and F contents remain high even at low values of H 2 O. The ranges of F content for minette and basanite melt inclusions do not overlap as much as for S and Cl. For a given H 2 O content, the Colima potassic magmas are enriched in S, Cl, and F compared with both the basaltic andesite cinder cone Cerro Usmajac and the primitive calc-alkaline cinder cones of the MGVF (Fig. 6) .
The S 6þ /S total values for the minettes range from 0Á63 to 0Á91, and for the basanites from 0Á61 to 0Á86. For the basaltic andesite, the range is 0Á78^0Á94. Because oxidized S is more soluble than reduced S (e.g. Luhr, 1990) , the predominance of oxidized S in all samples is consistent with the relatively high total S contents of the melt inclusions.
D I S C U S S I O N Pressures and temperatures of olivine crystallization
Pressures of olivine crystallization can be inferred from melt inclusions by using the pressure-dependent solubilities of H 2 O and CO 2 in silicate melts and assuming that the melts were saturated with an H 2 O^CO 2 vapor phase (Table 2 and Fig. 5 ). This assumption is predicated on the wide range of H 2 O and CO 2 contents for inclusions from a given cone, which shows that the melts were affected by variable degassing before crystallization and therefore must have been vapor saturated. For the basanite melt inclusions, trapping pressures are in the range of 1^7Á5 kbar (Apaxtepec) and 0Á02^2Á7 kbar (Cerro Colorado). The minette cones have melt inclusions that record pressures of 0Á1^6Á2 kbar (La Erita) and 0Á03^0Á5 kbar (Carpintero Norte). The accuracy of these pressure estimates is difficult to assess because most of the calibration data for the VolatileCalc program are from relatively low pressures (Newman & Lowenstern, 2002) . A comparison of pressures for the minette and basanite inclusions calculated using both VolatileCalc and the method of Papale et al. (2006) suggests that the VolatileCalc pressures are accurate to AE 250 bars for pressures 1 kbar and AE800 bars for pressures of 1^8 kbar.
Our pressure estimates are minimum values because they do not take into account CO 2 lost into shrinkage bubbles as a result of post-entrapment thermal contraction of melt and inclusion crystallization. Smaller vapor bubbles ( 10 vol.% of the inclusion) are probably shrinkage bubbles formed by differential thermal contraction of the melt and host crystal, whereas larger bubbles are likely to be primary vapor bubbles trapped together with melt. In both cases, some of the original dissolved CO 2 in the inclusion will have been lost to the vapor bubble during postentrapment cooling. The amount of CO 2 lost to the bubble is difficult to quantify (e.g. Anderson & Brown, 1993) , but original trapping pressures for some inclusions could be as much as 1^2 kbar higher than the pressures we have estimated. Based on the pressures estimated above, the range in crystallization depths for Apaxtepec and La Erita extends from !25 km to near the surface (assuming an average crustal density of 2800 kg/m 3 ; Christensen & Mooney, 1995) . Cerro Usmajac, the basaltic andesite cinder cone, has melt inclusions that record olivine crystallization pressures of 0Á1^4Á1 kbar ($0Á4^14 km depth). Overall, the melt inclusion data suggest that olivine crystallized over a wide range of depths, probably in response to decompression and water loss during ascent (e.g. Sisson & Layne, 1993; Roggensack, 2001; Johnson et al., 2008) . Righter & Carmichael (1996) made estimates of the crystallization pressures of phlogopite in the Colima minettes based on partitioning of Ba and Ti between phlogopite and melt. They calculated values from 4 to 31 kbar, but most values are between 4 and 10 kbar, a range that is higher than but partially overlapping with our pressure estimates for olivine-hosted melt inclusions. Most of this discrepancy is probably caused by the relatively large uncertainty of the phlogopite geobarometer (AE4 kbar standard error), but, as noted above, our data are minimum values for trapping pressures because we did not include the CO 2 lost to bubbles in our pressure estimates. Additionally, the melt-inclusion-bearing olivines may not be representative of the olivine population as a whole, either because of selective preservation (higher pressure inclusions ruptured during ascent) or because conditions at higher pressures were not conducive to melt inclusion formation.
To obtain estimates of the trapping temperatures of the melt inclusions we have used the olivine^melt geothermometer of Sugawara [2000; equation (6a) , which explicitly includes the effects of dissolved H 2 O] and the corrected melt inclusion compositions (Table 2) . We found that this thermometer works well for hydrous potassic melts based on a comparison with temperatures from an experimental study of minette magmas (Righter & Carmichael, 1996) . With one exception, the potassic melt inclusions record crystallization temperatures in the range of 1150^12288C (Fig. 7) . Nearly all of the inclusions appear to lie at temperatures above the liquidus and the phlogopite stability field for H 2 O-saturated minette melts, underscoring the fact that H 2 O-undersaturated phase relations must be considered when interpreting data for CO 2 -bearing melt inclusions . For example, it has been shown experimentally that CO 2 can enhance the stability of hydrous phases such as amphibole (Eggler, 1972) . The most H 2 O-rich and highest pressure inclusions were trapped at 6Á2^7Á5 kbar pressure and apparent temperatures of 1150^11628C. The rest of the inclusions were trapped at 5 kbar pressure and record a range of temperatures that corresponds to the range of dissolved H 2 O contents. Given the uncertainty in the geothermometer (AE308C) and the additional uncertainty created by our olivine-addition and Fe-loss corrections to the melt inclusions, it is difficult to assess whether the apparent overall increase in temperature with decreasing pressure is real or an artefact.
Degassing during ascent
The potassic melt inclusions are characterized by high CO 2 for a given H 2 O content compared with calc-alkaline basalts and basaltic andesites in the Colima graben and nearby MGVF (Fig. 5) . Equilibrium closed-or opensystem degassing models for ascending and decompressing melts fail to reproduce the trends observed; in particular, the linearity of the degassing trend of Apaxtepec (Fig. 8) . Similar but smaller discrepancies between melt inclusion H 2 O^CO 2 data and simple degassing models have been seen in other systems (e.g. Atlas et al., 2006; Spilliaert et al., 2006a; Johnson et al., 2008) . A possible cause of the discrepancy is that during ascent melts equilibrated with more CO 2 -rich vapor fluxing through the plumbing system from below, where it was released by magma degassing deeper in the system (Rust et al., 2004; Wallace et al., 2005; Spilliaert et al., 2006a; Johnson et al., 2008) . Isopleths of Sugawara (2000) and pressures are based on dissolved H 2 O and CO 2 in the melt inclusions. The temperature calculations have a 1 standard deviation uncertainty of AE308C. Given the relatively large uncertainties in the VolatileCalc pressure calculations at higher pressures and the fact that we have not included CO 2 in shrinkage bubbles into our pressure estimates, we estimate average uncertainties in pressure of the order of AE0Á5 kbar. H 2 O-saturated and -undersaturated olivinein curves were calculated according to Sugawara (2000) for a melt with the average composition of all basanite and minette melt inclusions. Phase relations for an olivine minette at pressures 1Á5 kbar are from Righter & Carmichael (1996) , and phase relations at 10 kbar are from Esperanc°a & Holloway (1987) . The calculated olivine-in curve for H 2 O-saturated conditions agrees well with the experimental values for 52 kbar pressure, and the calculated H 2 O-undersaturated olivine-in curve for 7 wt% H 2 O agrees very well with Esperanc°a & Holloway's (1987) 10 kbar liquidus temperature (the melt in the experimental runs was determined to contain $7 wt% H 2 O).
constant vapor composition (50^80 mol% CO 2 ) simulate the effect of large amounts of gas flushing through the system such that the CO 2 /H 2 O ratio of the melt is partially buffered during decompression and degassing (Fig. 8) . For both basanites and minettes, the vapor isopleths bracket many of the data, suggesting that CO 2 -rich vapor fluxing may be an important process. However, the gas fluxing hypothesis does not seem to adequately explain the remarkably linear correlation between H 2 O and CO 2 for Apaxtepec.
An alternative possibility is that CO 2 solubility in the basanite melt of Apaxtepec is significantly higher than predicted by the model of Dixon (1997) , which relates CO 2 solubility to major element composition. This might happen, for example, if high dissolved H 2 O caused an increase in CO 2 solubility (e.g. Mysen, 1976) relative to anhydrous melts, on which the Dixon (1997) model is mostly based. If CO 2 had similar solubility to H 2 O, then degassing would result in fairly constant CO 2 /H 2 O. However, calc-alkaline cones from the MGVF with similarly high H 2 O do not show such linear behavior, suggesting that any potential effect of water on CO 2 solubility would be insufficient to cause the correlated data. Another possibility is that the magmas interacted with carbonate wallrocks as they ascended through the crust. Late Jurassic to earlyTertiary limestone is present on the floor of the Colima graben surrounding Apaxtepec (Allan, 1986) and could be extensive at depth, and interaction with the CaCO 3 might have buffered the CO 2 /H 2 O of melts as they ascended through the upper crust. However, there is no evidence from Sr isotope data that such interaction has taken place (Luhr, 1997) although the high concentrations of Sr and other trace elements in the basanites might have masked any assimilation signature. A third possibility is that non-equilibrium degassing during rapid ascent causes melts to retain CO 2 because it diffuses towards bubbles more slowly than H 2 O (Gonnermann & Manga, 2005) . Unfortunately, there are no experimental data on diffusivity of CO 2 in hydrous potassic mafic melts to evaluate this possibility (Baker et al., 2005) . Regardless of the specific degassing processes involved, the wide range of H 2 O and CO 2 in the melt inclusions indicates that the potassic melts were vapor saturated during ascent through the crust, degassed as they ascended, and crystallized olivine over a wide range of depths.
We have also considered whether post-entrapment diffusive loss of H 2 or H 2 O through the melt inclusion host crystals may have lowered the inclusion H 2 O contents. Loss of H 2 is probably limited to 1wt % H 2 O by redox effects (Danyushevsky et al., 2002) and should cause strong oxidation of the inclusions (e.g. Mathez, 1984; Rowe et al., 2007) , which we do not observe in the S Ka data. Diffusive loss of molecular H 2 O (Portnyagin et al., 2008) is not limited by redox effects, but it is unclear how such loss would cause the highly correlated H 2 O and CO 2 observed for Apaxtepec. We also contend that diffusive loss of large amounts (several wt %) of H 2 O should cause crystallization of abundant daughter minerals in the inclusions, which we do not observe. Thus, although we cannot rule out some diffusive loss of H species from the inclusions, we conclude that such loss is not the primary process responsible for the large range of H 2 O contents and that this range primarily reflects variable degassing before inclusion entrapment.
Sulfur shows evidence of degassing as well, as there is a weak, positive correlation between S and H 2 O for the basanite and minette melt inclusions (Fig. 6) . Similar weak positive correlations are seen in plots of S vs CO 2 and S vs trapping pressure (not shown). The large degree of scatter in the data indicates that either there is a range of primary S concentrations for potassic melts from a given cinder cone or degassing involves more complex, poorly understood processes as discussed above for the H 2 O and CO 2 data. Assuming that degassing can be described by a Rayleigh fractionation process, the S vs H 2 O variations for minette and basanite melt inclusions are consistent with D S vapor/melt values of 5^20 (Fig. 6) . These values are lower than estimates for some subduction-related mafic magmasçD ¼ 34 for Fuego volcano in Guatemala (Sisson & Layne, 1993) and D ¼ 40 for Stromboli in Italy (Me¤ trich et al., 2001)çbut are similar to values for Etna (Spilliaert et al., 2006b ) and Paricutin and Jorullo in the MGVF (Johnson, 2008) . The lower D S fluid/melt values may partly be the result of higher pressure degassing recorded by the melt inclusions, because higher pressure favors retention of S in the melt (Johnson, 2008 (Sisson & Layne, 1993) , $1 for Etna (Spilliaert et al., 2006b) , and $1 for Paricutin and Jorullo (Johnson, 2008) . As with Cl, F in the potassic magmas does not appear to degas as H 2 O is lost from melt (Fig. 6) . The behavior of both Cl and F is consistent with the relatively high solubility of these components in silicate melts at low pressure that has been found experimentally (Carroll & Webster, 1994) .
Oxygen fugacity
Oxygen fugacities can be estimated from S 6þ /S total ratios in melt inclusions using calibrations based on experimental glasses (Wallace & Carmichael, 1994; Matthews et al., 1999; Jugo et al., 2005) . To evaluate the applicability of these calibrations to potassic glass compositions, we obtained independent estimates of the oxygen fugacity of the potassic magmas using a method based on the Fe 3þ /Fe total ratios of Cr-spinel in equilibrium with olivine (Table 3 ; Ballhaus et al., 1991) . Results of the Cr-spinel f O2 calculations for Apaxtepec, La Erita and Carpintero Norte range from NNO þ 0Á8 to NNO þ1Á7 (where NNO is the nickeln ickel oxide buffer) and are plotted along with individual melt inclusion S 6þ /S total values for each cinder cone in Fig. 9a . The data fall mostly within error of the Wallace & Carmichael (1994) and Jugo et al. (2007; see Fig. 9 caption) curves relating S 6þ /S total to f O2 , suggesting that these calibrations are appropriate for potassic glasses.
Average f O2 values for each cone calculated from melt inclusion S 6þ /S total values are in a narrow range from NNO þ 0Á9 to NNO þ1Á3 for the potassic magmas and NNO þ1Á2 for the basaltic andesite (Fig. 9b) . Compared with estimates from Fe 3þ /Fe 2þ ratios in whole-rock samples (Carmichael et al., 2006) , our estimates of f O2 show excellent agreement for Apaxtepec and the Cerro Usmajac basaltic andesite, but for the other potassic cones our values are lower by $2Á0^2Á5 log units. Our results based on Fe 3þ /Fe total in Cr-spinels and S 6þ /S total in melt inclusions thus suggest that some minette and basanite wholerock samples may have been affected by oxidation. Our results are surprising because other methods, such as Fe 3þ /FeO T in phlogopite, are consistent with relatively high f O2 in at least some minette magmas (Feldstein et al., 1996 : Righter & Carmichael, 1996 . Clearly, more intercalibration of the various techniques for determining f O2 in phlogopite-bearing magmas is warranted.
Mantle source mineralogy for the potassic magmas
Insight into the mineralogy of the mantle source for the potassic magmas can be gained from variations in the abundances of certain elements (Fig. 4) . Differences between the minettes and basanites in elements such as K, P, Ti, Nb and Ta are smaller than the differences in other elements (e.g. La, Pb). This suggests that K, P, Nb and Ta are less affected by the degree of partial melting or subductionrelated enrichment processes than are other incompatible elements. The presence of metasomatic minerals with high partition coefficients for these elements would have the effect of buffering their concentrations during melting. (Ballhaus et al., 1991) . Symbols as in Fig. 2 . Experimentally calibrated curve is from Wallace & Carmichael (1994) ; recent results of Jugo et al. (2007) are essentially identical to this curve, and represent a revision to the earlier calibration of Jugo et al. (2005) in which some high f O2 samples had been affected by photo-reduction of S during analysis. Horizontal error bars represent an uncertainty of AE0Á4 associated with the Cr-spinel method (Ballhaus et al., 1991) ; this uncertainty is larger than the standard deviation from the average of at least six Cr-spinel^olivine pairs for each cone. Vertical error bars represent 1s uncertainties in the peak position of the S Ka wavelength for each melt inclusion. (b) Comparison of the oxygen fugacities for each cone obtained from the sulfur speciation of single melt inclusions, whole-rock Fe 2 O 3 /FeO ratios (Carmichael et al., 2006) and Cr-spinel^olivine pairs. AP, Apaxtepec; LE, La Erita; CN, Carpintero Norte; CC, Cerro Colorado; CU, Cerro Usmajac. Error bars for the Cr-spinel^olivine pair method are the same as for (a). Error bars associated with the sulfur Ka method are calculated from the error on the S 6þ / P S ratios as in (a).
The most likely candidates to host these elements in metasomatically enriched peridotite are phlogopite for K, apatite for P, and rutile and/or ilmenite for Ti, Nb and Ta (Haggerty, 1995; Gre¤ goire et al., 2002) . A plot of La/K vs La (Fig. 10a) illustrates the control of residual phlogopite on K during partial melting (Feldstein & Lange, 1999) . La is incompatible in all likely residual mantle phases, whereas saturation with phlogopite causes melts to have relatively high and constant K (Esperanc°a & Holloway, 1987; Thibault et al., 1992; Righter & Carmichael, 1996; Elkins-Tanton & Grove, 2003) . As the degree of partial melting increases (La decreases), buffering of melt K contents by phlogopite results in a decrease of the La/K ratio, which otherwise would remain constant during the melting of a peridotitic mineral assemblage. In addition, the K 2 O contents of the minette and basanite melt inclusions (3Á5^7 wt%) are comparable with the values of experimental melts saturated with phlogopite (e.g. Esperanc°a & Holloway, 1987; Righter & Carmichael, 1996) . Based on this evidence, we conclude that the minette and basanite magmas were formed in equilibrium with residual phlogopite.
A similar plot of La/Ti vs La (not shown) suggests the presence of residual rutile or ilmenite. However, the TiO 2 contents of the minette and basanite melt inclusions are relatively low compared with values required for rutile and ilmenite saturation (Ryerson & Watson, 1987; Thy et al., 2006) . No experimental phase equilibrium studies on potassic mafic magmas at crustal or upper mantle pressures have found rutile on the liquidus (Elkins-Tanton & , and ilmenite has been found only in a few experiments with silica-rich minette melts at below liquidus conditions (57^59 wt % SiO 2 , 10^15 kbar, temperature 11008C; Esperanc°a & Holloway, 1987) . Therefore, it seems unlikely that either rutile or ilmenite could have been a residual phase during partial melting. Instead, we suggest that mantle phlogopite, with its relatively high TiO 2 content (Esperanc°a & Holloway, 1987; Wilkinson & LeMaitre, 1987; Righter & Carmichael, 1996) is responsible for buffering of this element. However, phlogopite in equilibrium with Ne-normative melts does not have high enough partition coefficients for Nb and Ta (Foley et al., 1996) to explain the limited variations in these elements compared with other trace elements of similar incompatibility (Fig. 4) , so this characteristic of the minette and basanite melts remains unexplained.
With regard to residual apatite, the P 2 O 5 concentrations of the minette and basanite melt inclusions (mostly 1Á01
Á5 wt%) are all substantially less than values required for apatite saturation (3^4 wt%) in Ne-normative melts at temperatures 411508C (Green & Watson, 1982) . The experimental study of Righter & Carmichael (1996) on minette melts found apatite saturation values $0Á5 wt% P 2 O 5 lower than those found by Green & Watson (1982) at temperatures of 1050^11008C, and a smaller temperature dependence, possibly because of the presence of F. Even if the Righter & Carmichael (1996) values at 1050^11008C are appropriate for the higher temperature (1160^12208C) Colima minette and basanite magmas (which we consider unlikely), only about half of the minette melt inclusions would have P 2 O 5 values high enough for apatite saturation, and the rest of the minettes and all of the basanite melt inclusions have lower values. Thus despite the limited variations of P 2 O 5 compared with other trace elements of similar incompatibility (Fig. 4) , we conclude that the minette and basanite magmas were not saturated with residual apatite during partial melting.
Strong enrichment of light REE (LREE) (La) relative to HREE (Yb) in the minettes and basanites (Fig. 10b) provides evidence for mantle melting within the garnet stability field (Luhr, 1997; Righter & Rosas-Elguera, 2001 ). Fig. 2 . Data for primitive calc-alkaline melt inclusions from the MGVF (Johnson, 2008) are shown by the gray shaded field. Average E-MORB and OIB compositions are from Sun & McDonough (1989) . Line with tick marks shows the effect of residual phlogopite (a) and garnet (b) during variable partial melting of peridotite (% melting values are labeled). Partition coefficients for K, La, and Yb in the phlogopiteĝ arnet peridotite are listed in Table 4 . Horizontal arrows show expected partial melting trend for peridotite with no phlogopite (a) and peridotite with no garnet (b).
A similar pattern was noted by Roden (1981) as evidence that minettes from the Colorado Plateau formed by melting of garnet peridotite, an interpretation that is consistent with the presence of garnet lherzolite xenoliths in the minette samples. As will be discussed in the next section, the presence of garnet during melting requires that these magmas formed at pressures !25 kbar within the mantle wedge (Esperanc°a & Holloway, 1987; Elkins-Tanton & Grove, 2003; Conceic°a‹ o & Green, 2004) .
The high concentrations of all volatiles (H 2 O, CO 2 , S, F, Cl) in the melt inclusions indicate a relatively volatile-rich mantle source for the potassic magmas. At the time of melting, some or all of the volatiles may have been stored in mineral phases in the mantle, and some may also have been introduced in a fluid phase or hydrous melt derived from the underlying subducting slab. Ultimately the two sources of volatiles are linked in that metasomatic minerals such as phlogopite probably formed by previous infiltration of fluids or hydrous melts from the slab (Luhr, 1997) . As shown above, the Cl contents in the potassic magmas are roughly twice those of the calc-alkaline basalts, but the ratios of S/Cl and F/Cl are as much as five and three times higher, respectively, for the potassic magmas. This suggests that if fluids coming from the slab were the only source for these volatiles, then the fluid responsible for the Colima potassic magmas was more enriched in S and F than the fluid that generated the calc-alkaline basalts. A more likely alternative is that some S, F and perhaps Cl were stored in metasomatic minerals such as apatite (which must have been consumed during partial melting), phlogopite, and possibly a sulfate phase.
Pressure and temperature conditions during partial melting
The constraints on mantle mineralogy summarized above can be combined with experimental studies of phase equilibrium and partial melting to understand the melting conditions by which the minette and basanite magmas formed. Foley (1992a Foley ( , 1992b suggested that ultrapotassic magmas form by melting of phlogopite-clinopyroxenite veins in peridotite wallrock, and such veins probably form in the mantle above subducted slabs as rising fluids react with garnet and orthopyroxene to form phlgopite, diopside and spinel (Elkins-Tanton & Grove, 2003) . Some experimental studies have also shown that potassic magmas can form by melting of garnet lherzolite that has been metasomatically enriched to include phlogopite AE pargasite (Conceic°a‹ o & Green, 2004) . Shown in Fig. 11 are experimental phase relations for melting of a K-rich peridotite under H 2 Oundersaturated conditions. The phase diagram suggests that phlogopite is stable at the peridotite solidus in the pressure range 10^35 kbar (corresponding to $30^110 km depth) at temperatures of 1050^12508C. If mantle phlogopite contains appreciable amounts of F, the upper thermal stability limit of phlogopite is shifted to higher temperatures (Foley et al., 1986) but low F/(F þ OH) in phlogopite phenocrysts from the Colima minettes (Luhr & Carmichael, 1981) suggests a relatively minor role for F.
The La/Yb systematics of the minette and basanite melt inclusions indicate that garnet was a stable phase during partial melting (Fig. 10b) . The experimental phase relations of Conceic°a‹ o & Green (2004) show that garnet is stable at the solidus of phlogopite-bearing peridotite at pressures !25 kbar. At pressures above 25^30 kbar, pargasitic amphibole becomes unstable, and therefore the presence of garnet suggests that pargasite would not have been a stable phase during melting. Our estimated temperatures of 1150^12308C based on olivine^melt thermometry and the pressures necessary for garnet stability are consistent with the experimental field for phlogopiteĝ arnet peridotite þ melt on the phase diagram (Fig. 11) . The inferred melting pressures are also consistent with experimentally determined melt compositions. Both direct melting studies of K-rich lherzolite and liquidus studies of K-rich magmas have determined that melts formed at pressures of $30 kbar from phlogopite lherzolite and phlogopite clinopyroxenite sources are olivine rich and silica undersaturated, ranging from nephelinite to olivine leucitite in composition (Elkins-Tanton & Conceic°a‹ o & Green, 2004) . The degree of silica undersaturation increases with dissolved CO 2 and F Fig. 11 . Pressure^temperature phase diagram for peridotite showing the wet solidus (Grove et al., 2006) and the phase boundaries for amphibole, phlogopite and garnet in K-rich peridotite under H 2 Oundersaturated conditions (Conceic°a‹ o & Green, 2004) . The solidus under these conditions is caused by dehydration melting involving amphibole breakdown. The shaded area represents the P^Tconditions at which phlogopite^garnet lherzolite coexists with potassic melt at the temperatures inferred for the Colima potassic magmas based on olivine^melt geothermometry. (Conceic°a‹ o & Green, 2004) , and CO 2 also plays a role in stabilizing orthopyroxene, which is otherwise commonly lacking in phase equilibrium studies on high-K compositions (Foley, 1992a (Foley, , 1992b Elkins-Tanton & Grove, 2003) . We suggest that more H 2 O-rich sources form the moderately nepheline-normative minettes and basanites, and that more CO 2 -and/or F-rich (or deeper) sources produced the strongly silica-undersaturated kalsilite-bearing lavas exposed in the walls of the Colima graben (Allan & Carmichael, 1984) and the leucitites erupted to the west in the Jalisco block grabens (Wallace & Carmichael, 1989) . In contrast, experimental melts formed by fluidundersaturated melting of phlogopite lherzolite at lower pressures ($10 kbar) are silica-oversaturated (Conceic°a‹ o & Green, 2004) , and thus are unlike the Colima minettes and basanites.
Fluid flux vs decompression melting
A key question regarding the origin of the potassic magmas is whether they formed by decompression melting of a phlogopite-bearing source or whether fluxing with fluids or hydrous melts derived from the subducted slab was responsible for melting. Formation by decompression melting was suggested by Hochstaedter et al. (1996) based on the lower B/Be ratios of the potassic magmas compared with the calc-alkaline magmas. They attributed this to a lack of recent fluid addition from the slab. However, our melt inclusion H 2 O data, combined with the B data of Hochstaedter et al. (1996) , show that the B/H 2 O ratios of the Colima potassic magmas overlap with primitive MGVF calc-alkaline magmas: B values average 4Á2 ppm for calc-alkaline MGVF rocks with 46 wt% MgO and 4Á3 ppm for the Colima potassic rocks (Hochstaedter et al., 1996) . Similarly, maximum H 2 O contents are 6Á 0 wt % for the calc-alkaline MGVF melt inclusions (Johnson, 2008) and 6Á2 wt% for the potassic melt inclusions analyzed in this study. This suggests that a common, subductionderived H 2 O-rich component is involved in formation of these diverse primitive magma types.
We examine the possible role of subduction-derived fluids in formation of the potassic magmas using a ternary plot of Na 2 O^K 2 O^H 2 O (Fig. 12) . The figure shows the compositions of phlogopite, average normal mid-ocean ridge basalt (N-MORB) and enriched MORB (E-MORB), and empirically derived subduction zone fluid compositions for Mexico and other arcs. The data suggest that basaltic melts formed by fluid-flux melting of an N-MORB to E-MORB mantle source have relatively low K 2 O/H 2 O whereas melts formed by melting of phlogopitebearing mantle will have much higher K 2 O/H 2 O. Consistent with the former, the primitive calc-alkaline melt inclusions from the MGVF and Cerro Usmajac plot within and near the field for mixtures of MORB and slab-derived H 2 O-rich components, suggesting that they are derived from N-MORB to E-MORB-type mantle fluxed with an H 2 O-rich component from the slab (e.g. Cervantes & Wallace, 2003) . In contrast, the primitive minette and basanite compositions plot between the field defined by MORB and slab-derived H 2 O-rich components and the field for phlogopite-bearing mantle sources. This suggests a role for both phlogopite and fluxing with an H 2 O-rich component derived from the slab in the generation of the potassic magmas.
An alternative possibility is that phlogopite þ pargasite in the mantle source could create the appropriate K 2 O/ H 2 O in the potassic magmas (Fig. 12) . However, the evidence above for presence of residual garnet suggests that pargasite would not be stable at the peridotite solidus (Fig. 11) , and pargasite is not typically found on the liquidus of potassic compositions in phase equilibrium studies (Elkins-Tanton & Grove, 2003) . K-richterite has similar K 2 O/H 2 O to phlogopite, and therefore its presence would not change our interpretations based on the Na 2 OK Fig. 12 . Ternary plot of K 2 O^H 2 O^Na 2 O (weight units) modified after Sisson & Layne (1993) . Because most melt inclusions have lost at least some H 2 O by degassing before entrapment, we plot only data for the inclusions with the highest H 2 O from the basanite (Bas; Apaxtepec), minette (Min; La Erita), and basaltic andesite (BA; Cerro Usmajac) cinder cones. Symbols as in Fig. 2 . Solid triangles are primitive calc-alkaline compositions from the MGVF (Johnson, 2008) . The upper gray shaded polygon represents mixing between typical N-MORB to E-MORB source compositions and phlogopite, which is a potential K-rich phase in metasomatized mantle. We have not included K-richterite because it is not stable relative to phlogopite at pressures below 70^90 kbar (Kawamoto & Holloway, 1997; TrÖnnes, 2002) . The lower gray shaded polygon represents mixing between typical N-MORB to E-MORB source compositions and several empirically determined compositions for the H 2 O-rich component that fluxes the mantle wedge in various subduction zones worldwide (MEX, average of compositions determined by (Johnson, 2008) for the MGVF; Cent. Am, Central America fluid from Eiler et al., 2005 ; MAR, Marianas fluid from Stolper & Newman, 1994) . The polygons are intended as visual aids only, and do not depict quantitative melting or mixing models. TrÖnnes, 2002) , and, as with pargasite, it has not been found on the liquidus of potassic compositions at upper mantle pressures (Elkins-Tanton & Grove, 2003) , although examples of phlogopite þ K-richterite-bearing peridotite xenoliths do exist (Haggerty, 1995) .
Our data on the H 2 O contents of primitive minette and basanite melts provide a quantitative constraint on the relative roles of phlogopite and a subduction-derived H 2 O-rich component in magma formation. The amount of H 2 O released during melting of phlogopite-peridotite is controlled by the amount of phlogopite consumed per unit of melt produced and the amount of H 2 O initially present in the phlogopite. Using experimental data for liquidus phase relationships of potassic magmas (Esperanc°a & Holloway, 1987) and the method of Baker & Stolper (1994) we determined the following melting reaction stoichiometry for phlogopite peridotite at 10 kbar and the iron-wu« stitegraphite (IWG) buffer:
Assuming mantle phlogopite contains a maximum of 4^5 wt % H 2 O based on experimental studies and xenoliths (Sweeney et al., 1993 ; note that substitution of F, Cl, and oxy-phlogopite would reduce the amount of OH present; Haggerty, 1995; Righter et al., 2002) , then the maximum amount of H 2 O in a partial melt would be 1Á9^2Á3 wt% based on this melting reaction stoichiometry. This is substantially less than the values of 3Á8^6Á2 wt% H 2 O for the most primitive minette and basanite melts based on the melt inclusion data. Therefore, it appears that melting of phlogopite peridotite in the absence of a hydrous fluid or melt phase cannot produce the high H 2 O contents of the potassic melts unless the ratio of phlogopite consumed to melt produced is a factor of two or more greater than indicated by the experiments of Esperanc°a & Holloway (1987) . As a limiting case, we also note that both congruent melting of pure phlogopite or incongruent melting (in which the solid phases produced contain no K 2 O or H 2 O) will produce melts with K 2 O/H 2 O ratios that are higher than those of the potassic magmas (Fig. 12) . This further supports our contention that hydrous fluids or melts must be involved in melting to form the minette and basanite magmas.
Trace element model of flux melting
Based on the above evidence, we developed a simple quantitative model to test whether fluid-flux melting of a phlogopite-peridotite mantle source can give rise to the trace element abundances of the potassic magmas. In previous studies where such models have been created, the standard approach has been to assume a depleted MORB mantle source and use the compositions of volcanic rocks or glasses to constrain the composition of the H 2 O-rich subduction component transferred from the slab to the mantle wedge (Stolper & Newman, 1994; Grove et al., 2002; Cervantes & Wallace, 2003; Eiler et al., 2005; Portnyagin et al., 2007) . The estimated compositions for the H 2 O-rich components in different arcs deduced in these studies show many similar features. Here we take a slightly different approach in that we use the average composition of H 2 O-rich components constrained by data for primitive, medium-K calc-alkaline melt inclusions from the MGVF, just to the east of the Colima graben (Johnson, 2008) . Our goal with this approach is to test whether H 2 O-rich components of similar composition can form both the potassic and calc-alkaline magmas in theTMVB.
A key aspect of the model is the choice of composition for the mantle wedge before enrichment with an H 2 O-rich component derived from the slab. Numerous studies have shown that the mantle beneath the TMVB is heterogeneous (e.g. Verma & Nelson, 1989; Luhr, 1997; Wallace & Carmichael, 1999; Ferrari et al., 2001) , and the use of 'conservative' or relatively fluid-immobile elements (e.g. Pearce & Peate, 1995) can be useful for discerning mantle heterogeneity that is unrelated to or pre-dates hydrous enrichment. On the basis of Nb/Yand Ti/Y ratios, the volumetrically dominant, medium-K calc-alkaline magmas in the westernTMVB are generated from mantle sources that have variable compositions but overall are similar to an E-MORB mantle source (Fig. 13a) . The Colima potassic magmas fall within the range for the calc-alkaline samples but lie at the enriched end of the array, with compositions that are intermediate between E-MORB and ocean island basalt (OIB). Within the western TMVB, there are also intraplate alkaline basalts with OIB-like trace element characteristics (no Nb^Ta depletion) that probably form as a result of decompression melting driven by corner flow (Luhr, 1997) or mantle upwelling through a slab tear beneath the rear-arc (Ferrari, 2004) . Data for trace elements (Wallace & Carmichael, 1999; Siebe et al. 2004) , volatiles (Cervantes & Wallace, 2003; Johnson, 2008) , and radiogenic isotopes (Luhr, 1997) are consistent with the hypothesis that the E-MORB-mantle source regions beneath the TMVB form as a result of previous partial melting and melt extraction from more enriched (OIB) mantle sources, and then become overprinted with enrichments in large ion lithophile elements, LREE and H 2 O from the dehydrating slab (Fig. 13b) . The Cerro Usmajac basaltic andesite is an intermediate case in that it has relatively high Nb/Ta, like the intraplate alkaline rocks, but also shows enrichment in Pb and Sr, like calc-alkaline magmas in the TMVB (Fig. 4) . Such intermediate cases have also been found in the MGVF and Sierra Chichinautzin regions to the east and point to the heterogeneity of the subarc mantle and variable enrichment from subduction-derived fluids (Cervantes & Wallace, 2003; Johnson, 2008 ).
In our model, we assume that the H 2 O-rich component derived from the slab was added to a garnet lherzolite mantle wedge in two stages. The first created metasomatically enriched lherzolite containing phlogopite (or veins of phlogopite þ clinopyroxene) but caused no partial melting, and the second was assumed to result in flux melting. The initial mantle source had trace element abundances intermediate between those of an E-MORB mantle source and an OIB source based on the Nb/Y systematics (Fig. 13a) . We used the average composition for the H 2 O-rich subduction component beneath the MGVF (Johnson, 2008) , and we iteratively varied the modal mineralogy of the metasomatized lherzolite source, the amount of the H 2 O-rich component added to the wedge, and the degree of partial melting to find the range of closest fits to the average basanite and minette melt inclusion compositions. Because of uncertainties in (1) the relationship between source H 2 O content and degree of melting, (2) the partitioning of H 2 O between phlogopite lherzolite and partial melt, and (3) the melting reaction stoichiometry for phlogopiteĝ arnet lherzolite, we used the modal batch melting equation for all calculations and we did not attempt to calculate the H 2 O contents of the partial melts. The distribution coefficients (D) used in the model are reported in Table 4 . Models results are shown in Fig. 14 .
The best fitting fluid-flux melting models had a residual mantle mineral assemblage of 50% olivine, 31% orthopyroxene, 10% clinopyroxene, 8% garnet, and 1% phlogopite, but the results are not very sensitive to variations in the first three major phases. Larger amounts of residual phlogopite caused Rb and Ba concentrations to be too low. The total amount of the H 2 O-rich component added in the two stages was 7 wt %, and the extents of partial melting were 5^15%. Despite the simplifying assumptions involved, these models demonstrate that fluxing of a mantle source (Johnson, 2008) ; most are calc-alkaline, but the data point in the far upper right is an alkali basalt with OIB-like trace element characteristics. Light gray shaded field shows mafic lavas from the western TMVB (Righter et al., 1995; Righter & Rosas-Elguera, 2001; Petrone et al., 2003) . Dark gray shaded field shows values for MORB glasses from the East Pacific Rise (EPR; le Roux et al., 2006) . OIB, E-MORB and N-MORB values are from Sun & McDonough (1989 (Cervantes & Wallace, 2003) and the MGVF (Johnson, 2008) . TMVB OIB refers to transitional to alkalic, high Nb^Ta, low H 2 O samples from the SCVF (lower Nb/Y) and MGVF (higher Nb/Y). Hawaiian alkalic refers to nephelenite and basanite glasses from the submarine North Arch volcanic field near Oahu Frey et al., 2000) . (Grand et al., 2007; Yang et al., in preparation) . Although the depth to the base of the lithosphere in this region is not constrained, the much shallower dip angle on the Rivera Plate during the middle to late Miocene (Ferrari et al., 2001; Gomez-Tuena et al., 2007) and the possibility of flat slab subduction (V. C. Manea, personal communication, 2008) , as currently occurs trenchward of the TMVB near Mexico City, suggest that a thick lithospheric mantle root was probably not present beneath the Colima graben and Jalisco block during the Pliocene and Holocene. Results of experimental petrological studies also suggest a depth to the base of the lithospheric mantle of 60 km beneath the volcanic front in the Jalisco block (Hesse & Grove, 2003) . The eruptive volume of the potassic magmas in the Colima graben is trivial in comparison with calc-alkaline andesites of the Colima Volcanic Complex, which evolved from more primitive calc-alkaline basaltic magmas (Luhr, 1997) . Interestingly, the potassic and calc-alkaline magmas have overlapping Sr, Nd and Pb isotope ratios (Luhr et al., 1989) and similarities in key trace element ratios in primitive samples of both magma types (e.g. Ba/Ce, Hochstaedter et al., 1996) . Based on these similarities and the melting pressures required by residual garnet, Luhr (1997) proposed that melting of phlogopite-bearing veins in the asthenospheric mantle wedge formed small volumes of potassic magma and that dilution of the potassic component by greater amounts of peridotite melting from wallrock around the veins andexhaustion of residual phlogopite generates the calc-alkaline magmas (Luhr,1997) .
In addition to the Colima graben, similar potassic magmas have erupted elsewhere in the Jalisco block to the west (Fig. 1) . Most of these occur in smaller extensional grabens, but some erupted in regions that do not show evidence of extension (Righter & Rosas-Elguera, 2001 ). It has been suggested (Lange & Carmichael, 1991; Righter & Rosas-Elguera, 2001 ) that the metasomatic enrichment of the mantle responsible for forming phlogopite veins occurred during earlier subduction-related magmatism in the Jalisco block, represented by widespread Cretaceous ignimbrites (65^92 Ma; see Righter et al., 1995 , and summary by Frey et al., 2007) and granitic plutons (75^100 Ma; Schaaf et al., 1995) . Our results suggest, however, that H 2 O-rich fluid was present at the time of melting and that the metasomatic veins were formed by fluids similar in composition to those responsible for recent calc-alkaline magmatism in the MGVF to the east of the Colima graben (Johnson, 2008 ). Thus we consider it less likely that the enriched veins formed during Cretaceous magmatism and instead link them to the active, modern subduction system, in agreement with the interpretation of Luhr (1997) . This interpretation is also consistent with the similarity of 87 Sr/ 86 Sr ratios in the calc-alkaline and potassic magmas (Luhr, 1997) . Phlogopite-bearing veins would have much higher Rb/Sr than peridotitic mantle so that 60^100 Myr of isotopic aging of these veins would cause elevated 87 Sr/ 86 Sr (Gomez-Tuena et al., 2007) , although the presence of clinopyroxene (with high partition coefficient for Sr) with phlogopite in the veins would slow the isotopic aging effect (Schmidt et al., 1999) .
A key question regarding the origin of the potassic magmas is to what extent they form as a result of normal subduction processes as opposed to lithospheric extension or other factors. Luhr (1997) favored the former interpretation and suggested that the role of lithospheric extension was to create pathways that made it easier for small volume potassic melts to leave the mantle and ascend through the crust. The pressures of partial melting required by the presence of garnet place the source region in the deeper parts of the asthenospheric mantle wedge, closer to the subducted slab, rather than in the lithospheric mantle or uppermost asthenosphere, so an origin by decompression melting caused by extension seems less likely. Our evidence for the presence of subduction-derived fluids seems to further rule out the hypothesis that mantle melting to form the potassic magmas was caused primarily by lithospheric extension because such fluids are not expected to reach the uppermost mantle (e.g. Cagnioncle et al., 2007) . Finally, the amount of extension in the Colima graben (5 10% over the last $5 Myr) is more than an order of magnitude less than is found in typical continental rifting environments (Ferrari et al., 2001 (Ferrari et al., , 2003 and is insufficient to cause decompression melting in the absence of fluids from the subducting slab (e.g. Harry & Leeman, 1995) .
In addition to the subduction relationship implied by the presence of fluids at the time of melting, we suggest that several additional factors were important, and we formulate the following model for the origin of the potassic magmas in the western TMVB. First, we suggest that veins of phlogopite formed in both the forearc mantle wedge and deeper parts of the wedge at a time when the plate dipped more shallowly and the volcanic front was farther from the trench than it is today (Fig. 15a) .
Temperatures in the forearc and deeper portions of the wedge would have been low enough for phlogopite to be stable, and garnet would have been stable with phlogopite at !25 kbar pressure. Second, as the slab dip angle increased starting at $8Á5 Ma (Ferrari et al., 2001) , these phlogopite-bearing mantle regions were advected downwards and towards the trench by corner flow caused by slab rollback, and continued to receive fluid flux from the downgoing slab (Fig. 15b) (Kawamoto & Holloway, 1997; Grove et al., 2006) . Lower panel shows migration of the arc resulting from rollback and slab steepening. Regions of the mantle hydrated during the late Miocene phase of volcanism are dragged towards the trench and downwards by motion of the slab and continue to be fluxed by fluids. This creates regions of phlogopite-peridotite and phlogopite^garnet peridotite beneath the migrating arc front. Upwelling of hot mantle through the Cocos^Rivera slab tear, which is parallel to the plane of the section shown in the figure, causes heating and melting of these hydrated regions beneath the Colima graben. Temperature are schematic, and for clarity, we have shown only the 6008C, 8008C, and 10008C contours.
derived from both the slab tear and western Rivera Plate edge (Ferrari et al., 2001 ) caused melting to form the potassic magmas. Thus the increase in slab dip angle and trenchward migration of the volcanic front into the old forearc caused small volume potassic melts to form beneath the entire volcanic front of the TMVB, not just beneath regions undergoing extension. The compositions of the potassic melts ranged from moderately Ne-normative (basanites and minettes) to strongly Ne-and Lc-normative (leucitites, kalsilite-bearing ankaratrites) because partial melting occured relatively deep (!25 kbar; Conceic°a‹ o & Green, 2004) , in the asthenospheric wedge just above the subducted slab. The leucitites from the Jalisco block, in particular, require melting pressures of $3^4 GPa (Elkins-Tanton & . Third, lithospheric extension along the Colima graben was associated with upwelling of hot mantle through a tear between the downgoing Cocos and Rivera plates (Grand et al., 2007; Yang et al., in preparation) . Heating caused by this process augmented melting of the phlogopite-veined and fluidfluxed asthenospheric mantle, and this caused the Colima graben to be a locus for eruptions of potassic magmas from $4Á6 Ma until nearly the present, a longer time span than in any of the other Jalisco block regions with potassic magmatism. Fourth, the upwelling of hot mantle beneath the Colima graben has probably amplified the partial melting related to subduction processes in the asthenospheric wedge beneath the large Colima volcanoes, causing them to have larger volume and be closer to the trench than other stratovolcanoes in the western TMVB (Yang et al., in preparation). Finally, we agree with previous workers in suggesting that lithospheric extension also helped to provide pathways for the small volume potassic melts to make it through the mantle and crust. In our model, it is a combination of trenchward migration of the arc into the older forearc region, upwelling of hot mantle through a tear between the Cocos and Rivera plates, arc-parallel flow of hot mantle within the wedge from both the slab tear and the western Rivera Plate edge, and extension across a broad region of the Jalisco block that is ultimately responsible for the formation and eruption of potassic magmas. This particular combination explains why such high-K magmas have not erupted elsewhere in the TMVB and are not common in arcs in general. To the east of the Colima graben in the MGVF, trenchward migration has occurred, but there has been less extension, and the region is located farther from the Cocos^Rivera slab tear or Rivera Plate edge. At the volcanic front in the MGVF, hornblende trachybasalts with higher K 2 O than calc-alkaline basalts have erupted, but no minettes or basanites similar to those in the Jalisco block or Colima graben have been found (Luhr, 1997; Hasenaka & Carmichael, 1987) . Even further to the east in the Sierra Chichinautzin volcanic field near Mexico City, trenchward migration and slab steepening have not occurred. Only two lavas with elevated K 2 O (andesitic trachybasalts with 2Á4^3Á2 wt% K 2 O) have been reported from this region (Wallace & Carmichael, 1999; Meriggi et al., 2008) .
C O N C L U S I O N S
Olivine-hosted melt inclusions from basanite and minette cinder cones in the Colima graben reveal that both primitive magma types are volatile rich ( 6Á2 wt% H 2 O; 5300 ppm CO 2 ) and relatively oxidized (NNO þ 0Á8 to NNO þ1Á7). A more evolved basaltic andesite cinder cone (Cerro Usmajac) near the potassic cones has similar oxygen fugacity and high H 2 O ( 5Á5 wt%), but has lower CO 2 , S, and Cl. The volatile concentrations in the basaltic andesite are comparable with those in primitive calcalkaline melt inclusions from the MGVF to the east. Vapor saturation pressures recorded by H 2 O and CO 2 in the melt inclusions suggest that olivine crystallized over a large range of depths (from 425 km to near the surface) during degassing of the melts. Water and CO 2 variations with depth cannot be explained by simple degassing models but instead require more complex, open-system processes or possibly reflect disequilibrium. The melt inclusion data show that S was partially lost by degassing during ascent, but Cl and F remained dissolved in melt, presumably reflecting their relatively high solubility. Modeling of trace element variations in the potassic melt inclusions indicates that phlogopite and garnet were residual phases in their mantle source during partial melting. The presence of garnet in the source requires pressures (!25 kbar) that are probably too high for the minettes and basanites to be created by melting of metasomatically enriched mantle lithosphere and instead require an origin in the asthenosphere. The high S, Cl, and F of the potassic magmas relative to calc-alkaline compositions suggests additional metasomatic phases such as apatite and possibly sulfate, but these must have been consumed during partial melting. Decompression melting of phlogopite peridotite cannot produce the high H 2 O contents of the potassic magmas, and thus the presence of fluid or hydrous melt at the time of melting is required. On the basis of Nb/Y and Ti/Y ratios, the mantle source that was fluxed and melted to form the potassic magmas must have initially been intermediate between E-MORB and OIB mantle sources in composition. Trace element modeling of such a mantle source fluxed repeatedly with H 2 O-rich fluids or hydrous melts from the subducting slab (first to form metasomatic phases such as phlogopite, and second to provide fluid at the time of melting) can reproduce most of the trace element characteristics of the potassic melts. The coexistence of potassic and calc-alkaline magmas in the Colima graben from $4Á6 to 0Á06 Ma is probably related to a combination of factors including the steepening of the slab dip angle starting in the late Miocene, the initiation of a slab tear between the Cocos and Rivera plates beneath the Colima graben, heating by upwelling of hot mantle through the tear and consequent arc-parallel flow of hot mantle, and lithospheric thinning caused by extension. The extensional tectonics also allowed for easier ascent of the low volume potassic magmas through the crust.
